To assess the correlation between endothelial dysfunction and the serum levels of biomarkers of inflammation, remodelling and oxidative stress in essential hypertension, 78 treatment-naïve essential hypertensives (mean age 43 years) underwent measurement of endothelial dysfunction, using the maximal acetylcholine-induced forearm vasodilation and serum levels of adhesion molecules, selectins, chemokines, metalloproteinases, copper, zinc, selenium, vitamins, homocysteine, malondialdehyde, erythrocyte glutathione peroxidase and erythrocyte superoxide dismutase. Mean ( ± s.e.m.) maximal acetylcholine-induced vasodilation was 367± 20%. Patients with a more impaired acetylcholine-dependent vasodilation (first tertile) had increased levels of e-selectin (P ¼ 0.009), p-selectin (Po0.001), monocyte chemotactic protein type 1 (MCP-1; P ¼ 0.012) and the tissue inhibitor of metalloproteinases type 1 (TIMP-1; P ¼ 0.044), which in turn showed significant inverse correlations with maximal endothelium-dependent vasodilation. Serum levels of selenium (P ¼ 0.012), vitamin C (P ¼ 0.038), erythrocyte glutathione peroxidase (Po0.001) and superoxide dismutase (P ¼ 0.022) activities were reduced in patients with a more impaired endothelium-dependent vasodilation. Recently diagnosed treatment-naïve essential hypertensives showed a relationship between the endothelial dysfunction, serum markers of inflammation and remodelling and levels of antioxidant substances. These could be potentially helpful markers of high risk in hypertensive patients.
Introduction
Endothelium is the main regulator of vascular homeostasis. Cardiovascular risk factors, such as hypertension, are associated with endothelial dysfunction, a situation characterized by a reduced availability of nitric oxide and other local mediators. Patients with essential hypertension have a defect in the endothelium-derived nitric oxide system that may at least partly account for both the increased vascular resistance under basal conditions and the impaired response to endothelium-dependent vasodilators. 1, 2 On the other hand, endothelial dysfunction occurs early in the process of atherogenesis 3 and contributes in the formation, progression and complications of the atherosclerotic plaque, such as vulnerability and development of cardiovascular events. 4 Endothelial dysfunction has been clearly shown in patients with essential hypertension, mainly by studies assessing acetylcholine-dependent vasodilation in the forearm arteries 1, 2, 5, 6 and also by studies performed in epicardial arteries during coronariography 7 or in small resistance arteries from skin biopsies and tested 'ex vivo'. 8 It is well known that the intact endothelium not only contributes to vasodilation, but also has antiaggregant, anti-inflammatory and antiproliferative properties, 9 and that endothelial dysfunction is associated with an increased risk of atherosclerotic events. 5, 10, 11 The impaired endothelial function is closely linked with increased oxidative stress, 11, 12 inflammation, remodelling and atherogenesis. 9 In this view, several acute-phase reactants, soluble adhesion molecules, chemokines and metalloproteinases are altered in patients at risk of cardiovascular events, such as hypertensives, [13] [14] [15] [16] [17] diabetics 18 or those with left ventricular hypertrophy. 19, 20 Moreover, in patients with coronary heart disease some of these serum markers have prognostic implications. [21] [22] [23] The aim of this study was to evaluate the correlation between the degree of endothelial dys-function, as measured by the maximal acetylcholine-induced forearm vasodilation, and the serum level of biochemical markers of inflammation, remodeling and oxidative stress, in a group of newly diagnosed, never-treated, essential hypertensive patients.
Methods
Study design and patients A total of 78 never-treated, newly diagnosed essential hypertensive patients consecutively recruited from the Hypertension Unit, Hospital Clinic, Barcelona, Spain, were included in a cross-sectional study. There were 56 men and 22 women with a mean age of 42.7 years (range 27-59 years), with a proportion of smokers of 13%. The diagnosis of essential hypertension was considered when seated arterial blood pressure (after 10 min of rest) measured by sphygmomanometer thrice at 1-week intervals was consistently 4140/90 mm Hg. Secondary forms of hypertension were excluded by routine diagnostic procedures. Subjects with hypercholesterolemia (total cholesterol 46 mmol l -1 (230 mg per 100 ml)), diabetes mellitus, impaired renal function (serum creatinine 4132 mmol l -1 (1.5 mg/ per 100 ml)), previous history of coronary or cerebrovascular disease were excluded from the study, as were patients who drank more than 40 g of ethanol per day, those with chronic inflammatory diseases, persistent atrial fibrillation or flutter, and women taking oral contraceptives or estrogen replacement therapy.
Clinical assessment
All patients gave written informed consent. The study protocol was approved by the ethics committee of the Hospital Clinic and the Spanish Health Authority (protocol FIS 00/0435). Before measurements of endothelial function and laboratory measurements, all patients had a complete medical history and physical examination, and 24-h ambulatory blood pressure monitoring using the SpaceLabs 90207 (SpaceLabs Inc., Redmon, WA, USA) automated noninvasive oscillometric device. The appropriate cuff was placed on the nondominant arm and blood pressure was registered automatically at 20-min intervals for the 24-h period.
Measurement of endothelial function
These procedures have been previously described in detail. 6, 24, 25 In brief, forearm endotheliumdependent and independent vasodilation were determined by measuring forearm blood flow by strain-gauge venous plethysmography (EC5R-Hokanson, Bellevue, WA, USA) at baseline (0.9% saline infusion), after increasing doses of acetylcholine (from 0.15 to 15 mg 100 ml -1 of forearm tissue per min), and nitroprusside (from 1 to 4 mg 100 ml -1 of forearm tissue per min). For the present analysis, only endothelium-dependent vasodilation, presented as the percentage increase in the forearm blood flow above baseline, 24, 25 was computed. Biochemical determinations of antioxidants, including serum concentrations of copper (Cu), zinc (Zn), selenium (Se), vitamin A, vitamin E, vitamin C, homocysteine, malondialdehyde, erythrocyte glutathione peroxidase and erythrocyte superoxide dismutase were obtained using standard laboratory methods.
Laboratory measurements

Statistical analysis
Data are presented as mean±s.d. or s.e.m. Sample size was calculated by two different ways. First, 44 subjects were needed to show a correlation coefficient X0.4 between serum inflammatory markers and endothelium-dependent vasodilation (two sides á-error o0.05, statistical power 80%). Second, 23 subjects for group (tertiles) were required to show a difference of 40% (two sides á-error o0.05, statistical power 80%) between means of the first and third tertiles. Reference means and s.d. of p-selectin, obtained from a previous study of our group, 25 were used for power calculations. The number of patients was increased to 80 to avoid technical problems in measurements (in two patients endothelial function assessment was not possible). The main clinical characteristics and results of all parameters analyzed are expressed depending on the degree of endothelial-dependent vasodilation divided into tertiles. Differences among tertiles for each individual biochemical marker were analyzed using oneway analysis of variance followed by paired t-test with Bonferroni's correction. The relationship between maximal acetylcholine-induced vasodilation and biochemical markers of inflammation, remodelling, oxidative stress and antioxidants was analysed using the Pearson's (or Spearman's when appropriate) correlation coefficients. The SPSS for Windows version 15.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
Results
The mean values ( ± s.e.m.) of maximal acetylcholine-induced vasodilation was 367 ± 20%. The median was 356% and we divided the group of patients in tertiles. The first tertile included subjects with a maximal acetylcholine-induced vasodilation o279%, second tertile comprised patients with values from 279 to 425% and the third tertile included patients with values 4425%. Table 1 shows the clinical characteristics of the 78 essential hypertensive patients included in the study, according to tertiles of maximal endotheliumdependent vasodilation. As shown, no differences were observed in terms of age, gender distribution, body mass index or blood pressure values.
Results of serum markers of inflammation according to the degree of endothelial dysfunction are shown in Table 2 . No differences were observed in high-sensitivity C-reactive protein, soluble intercellular adhesion molecule, soluble vascular cell adhesion molecule or interleukin-6 among tertiles of endothelium-dependent vasodilation. Conversely, serum concentrations of e-selectin (P ¼ 0.009), p-selectin (Po0.001) and MCP-1 (P ¼ 0.012) increased in patients with a more impaired acetylcholinedependent vasodilation (first tertile). We also found a significant inverse correlation between maximal endothelium-dependent vasodilation and serum levels of e-selectin (r ¼ 0.404, P ¼ 0.016), p-selectin (r ¼ 0.616, Po0.001) and MCP-1 (r ¼ 0.436, Po0.008).
We did not find significant differences among tertiles of endothelium-dependent vasodilation and matrix metalloproteinases (Table 3) . Only serum levels of TIMP-1 were increased in patients with a more severe endothelial dysfunction (P ¼ 0.044). Serum levels of TIMP-1 were also inversely correlated with endothelial-dependent vasodilation (r ¼ 0.427, P ¼ 0.008). Table 4 shows the levels of antioxidants, as well as markers of lipid peroxidation and enzymes involved in scavenging of free radicals. We also found differences in serum levels of selenium (P ¼ 0.012) and vitamin C (p ¼ 0.038), as well as in erythrocyte glutathione peroxidase (po0.001) and superoxide dismutase (p ¼ 0.022) activities, all of which reduced in patients with a more impaired endothelium-dependent vasodilation. All the significant differences were maintained after adjustment for age and 24-h systolic blood pressure.
Discussion
This study shows a correlation between the degree of endothelial dysfunction and both inflammation and oxidative stress markers in asymptomatic, relatively young patients with essential hypertension. Serum levels of some inflammatory biomarkers, such as selectins and MCP-1, were elevated in hypertensives with a more advanced degree of endothelial dysfunction. Furthermore, this subgroup also showed lower levels of antioxidants, such as serum selenium and vitamin C, as well as reduced activities of erythrocyte enzymes responsible for clearance of oxidative products, that is, glutathione peroxidase and superoxide dismutase. These results represent a clinical translation of experimental studies linking these three aspects of the atherosclerotic process, endothelial function, inflammation and oxidative stress, and support the idea of a prognostic role of endothelial function in the development of future cardiovascular events. 5, 10 Endothelial dysfunction has been clearly shown in essential hypertension and in patients at risk of atherosclerotic events, such as diabetics and patients with coronary artery disease.
1,2,5-8 Two independent studies measuring endothelial function in hypertensives, using acetylcholine-dependent forearm vasodilation 5 or the noninvasive flow-mediated dilation, 26 have suggested a worse cardiovascular prognosis in patients with a more impaired endothelial function, in a similar way as has been clearly shown in patients with coronary heart disease. 7, 10 Endothelial dysfunction has a pivotal role in the development of atherosclerosis and cardiovascular diseases. Endothelial dysfunction promotes the release of inflammatory substances that influence the interaction between circulating cells and the endothelial surface, thus initiating the process of atherogenesis. 9 In parallel, both the smooth muscle cell hyperplasia and extracellular matrix formation contribute in the atherosclerotic vascular changes. Moreover, the presence of an increased oxidative stress contributes Endothelial dysfunction and biomarkers A de la Sierra and M Larrousse both in the oxidation of lipoproteins and in a further impairment of endothelial function. 27 It is clear that, from a pathophysiological point of view, endothelial dysfunction, inflammation, remodelling and oxidative stress are closely related. The translation of this relationship into the clinical arena is suggested by the present results, showing increased levels of several biomarkers and decreased antioxidants in hypertensives with a more impaired endothelial function.
We have found increased levels of selectins and MCP-1 in the group of hypertensives with a more pronounced endothelial dysfunction. Selectins are markers of endothelial and platelet activation and Endothelial dysfunction and biomarkers A de la Sierra and M Larrousse they both act in the first step of the atherosclerotic process by favouring rolling of leukocytes to the endothelial surface. 28, 29 Furthermore, MCP-1 is also responsible for monocyte recruitment and trafficking, and has been found in both human and animal atherosclerotic lesions. 30 They have all been related to the risk of future cardiovascular events in healthy women 31 and especially in patients with coronary artery disease. 21, 22 We have previously reported increased levels of these biomarkers in salt-sensitive hypertensive patients, 25 irrespective of the level of salt intake, a group also characterized by a more impaired endothelial function. 6 Other inflammatory biomarkers, such as high-sensitivity C-reactive protein, soluble intercellular adhesion molecule, soluble vascular cell adhesion molecule or interleukin-6 did not correlate with endothelial function in this group of patients. Although they are also produced totally or partially in the endothelium, and they have been found increased in hypertension 13, 14 or in patients with cardiovascular disease, 21 no clear relationship with the endothelial function was observed in this study. A possible explanation of this different behaviour could be found in the relative young age of the study population, which was recently diagnosed of essential hypertension and was free from overt cardiovascular disease.
We have also found increased levels of TIMP-1 in patients with impaired endothelium-dependent vasodilation, whereas levels of metalloproteinases did not correlate with endothelial function. The role of metalloproteinases and their tissue inhibitor are still a matter of discussion in hypertension and cardiovascular disease. Although in atherosclerotic lesions and in patients with coronary artery disease, increased levels of metalloproteinases, in particular matrix metalloproteinases type 9, are associated with plaque vulnerability and rupture, 23 in hypertension most studies have found increased levels of TIMP-1 whereas metalloproteinases were normal or reduced. 15, 25 In the process of vascular remodelling that takes place in hypertensives, a reduction in the ratio of metalloproteinases and TIMP-1 could be responsible for an increased extracellular matrix deposition. In this view, increased levels of TIMP-1 have been related to left ventricular hypertrophy. 20 Another finding of this study was the association of endothelial dysfunction with oxidative stress. We found decreased serum levels of antioxidants, especially vitamin C and selenium, and also decreased activity of erythrocyte glutathione peroxidase and superoxide dismutase. Mechanisms of oxidative stress-induced hypertension have been extensively reviewed and they mainly exert an effect through an impairment of endothelial function, as determined by nitric oxide bioavailability. 27 Both glutathione peroxidase and superoxide dismutase are involved in the scavenging of reactive oxygen species by neutralizing levels of hydrogen peroxide. Moreover, selenium is a cofactor necessary for the normal function of glutathione peroxidase. Increased hydrogen peroxide and decreased antioxidants have been previously reported in hypertensive patients and genetically hypertensive animals, 32, 33 although treatments with antioxidants have yielded inconsistent results with respect to blood pressure in hypertensive subjects. 33 Interestingly, the correlation between endothelial function and oxidative stress found in this paper was limited to antioxidants and enzymes involved in hydrogen peroxidation, whereas other markers of lipid peroxidation, such as malondialdehyde, or other vitamins, such as vitamin A and E, were not related to endothelial function. These results are in agreement with those from Ashfaq et al., 12 showing reduced levels of antioxidant thiol markers in healthy subjects with impaired flow-mediated dilation.
This study is limited by its design, cross-sectional nature and the limited sample size. These results should be viewed as a simple association, and do not allow to infer any causal relationship. However, the relative young age of patients included, the fact that they were naïve of antihypertensive treatment and the lack of overt clinical disease all contribute in the understanding of the close relationships existing among oxidative stress, endothelial function, inflammation and remodelling, which is clearly shown in experimental studies but scarcely assessed in clinical hypertension.
In conclusion, young, recently diagnosed and naïve essential hypertensives show a relationship between the degree of endothelial dysfunction, serum markers of inflammation and remodelling and levels of antioxidant substances. These results are in agreement with the close relationship between these mechanisms of the vascular disease shown in experimental studies and could be potentially helpful markers of high risk in hypertensive patients.
What is known about this topic K Endothelial dysfunction is present in hypertension and in subjects with cardiovascular risk factors and diseases and is associated with a higher rate of cardiovascular complications. K Endothelial dysfunction is related to alterations in oxidative stress, inflammation and remodelling in experimental models. K These biomarkers are also altered in patients at risk for atherosclerotic cardiovascular events.
What this study adds K In a relative young sample of never-treated essential hypertensive patients, a more impaired endothelial dysfunction correlated with increased levels of inflammatory and oxidative stress markers. K Patients at the lowest tertile of endothelial-dependent vasodilation showed increased levels of selectins, MCP-1 and TIMP-1, as well as reduced erythrocyte activities of glutathione peroxidase and superoxide dismutase.
Endothelial dysfunction and biomarkers
